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INSTRUMENTATION AND CONTROL

ABSTRACT

Thelnstrumentation and Control Fundamentals Handbaals developed to assist nuclear
facility operating cotractors provide operators, maintenance personnel, and the technical staff witl
the necessary fundamentals training to ensure a basic understanding of instrumentation and cor
systems. The handboatcludes information otemperature, pressure, flow, aledel detection
systems; position indication systems; process control systems; and radiation detection principles. T
information will provide personnel with an understanding of the basic operation of various types
DOE nuclear facility instrumentation and control systems.

Key Words: Training Material, Temperature Detection, Pressure Detecti@vel Detection,
Flow Detection, Position Indication, Radiation Detection, Process Control
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INSTRUMENTATION AND CONTROL

FOREWORD

The Department of Energy (DOE) Fundamentals Handbomkssist of teracademic
subjects, which include Mathematics; Classical Physics; Thermodynamics, Heat Transfer, and Fluid
Flow; Instrumentation and Control; Electrical Science; Material Scieveghanical Science;
Chemistry; Engineering Symbology, Prints, and Drawings; and NuPlegsics andReactor
Theory. The handbooks are provided as an aid to DOE nuclear facility contractors.

These handbooks were first published as Reactaa@pd-undamentals Manuals in 1985
for use by DOE Category A reactors. The subject areas, sulgjter content, and level of detail
of the ReactoOperatorFundamentals Manuals was determined from segeraices. DOE
Category A reactor training managdetermined which materials should be included, and served
as a primary reference in the initial development phase. Training guidelines from the commercial
nuclear power industry, results of job and task analyses, and independent input from contractors
and operations-oriented personnel were all considered and included to some degree in developing
the text material and learning objectives.

TheDOE Fundamentals Handbootepresent the needs of various DOE nuclear facilities'
fundamentals training requirements. To increase their applicability to nonreactor nuclear facilities,
the Reactor Operatéiundamentals Manual learning objectiveere distributed to the Nuclear
Facility Training Coordination Programe®tring Committee for review and comment. To update
their reactor-specific content, DOE Categoryeactortraining managers also reviewed and
commented on the content. On the basis of feedback from these sources, information that appliec
to two or more DOE nuclear facilities was considered generic and was included. The final draft
of each ofthese handbooks was then reviewed by these two groups. This approach has resultec
in revised modular handbooks that contain sufficient detail such that each facility may adjust the
content to fit their specific needs.

Each handbook contains an abstract, a foreword, an overview, learning objectives, and text
material, and is divided into modules so that content and order may be modified by individual DOE
contractors to suit thespecific trainingneeds. Each subject areasigoported by a separate
examination bank with an answer key.

The DOE Fundamentals Handbookave been prepared for the Assistant Secretary for
Nuclear Energy,Office of Nuclear Safety Policy andtandards, by the DOHraining
Coordination Program. This program is managed by EG&G ldaho, Inc.
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INSTRUMENTATION AND CONTROL

OVERVIEW

TheDepartment of Energy Fundamentals Handbewo#itledinstrumentation and Control
was prepared as amformation resource for personnel who are responsible for the operation of
the Department's nucle#acilities. A basic understanding of instrumentation aodtrol is
necessary for DOBuclearfacility operatorsmaintenance personnel, atie technical staff to
safely operateind maintainthe facility andfacility supportsystems. The information in the
handbook is presented to provide a foundation for applying engineering concepts to the job. This
knowledge will help personnel more fully understandriygact that their actions may have on the
safe and reliable operation of facility components and systems.

Thelnstrumentation an€ontrol handbook consists of seven modules that are contained
in two volumes. The following is a brief description of the information presented in each module
of the handbook.

Volume 1 of 2

Module 1 - Temperature Detectors

This module describes the construction, operation, and failure modes for various
types of temperature detectors and indication circuits.

Module 2 - Pressure Detectors

This module describes the construction, operation, and failure modes for various
types of pressure detectors and indication circuits.

Module 3 - Level Detectors

This module describes the construction, operation, and failure modes for various
types of level detectors and indication circuits.

Module 4 - Flow Detectors

This module describes the construction, operation, and failure modes for various
types of flow detectors and indication circuits.

Module 5 - Position Indicators

This module describes the construction, operation, and failure modes for various
types of position indicators and control circuits.
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INSTRUMENTATION AND CONTROL

Volume 2 of 2
Module 6 - Radiation Detectors

This module describabe principles of radiatiordetection, detector operation,
circuit operation, and specific radiation detector applications.

Module 7 - Principles of Control Systems

This module describethe principles ofoperation for controbystems used in
evaluating and regulating changing conditions in a process.

The information contained in this handbook is by no means all encompassing. An attempt
to present the entire subject of instrumentation and control would be impractical. However, the
Instrumentation and Contrdlandbook does present enouigfiormation to provideéhe reader
with a fundamental knowleddevel sufficient tounderstand the advanced theoretical concepts
presented in other subject areas, and to better understand basic system and equipment operatior
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TERMINAL OBJECTIVE

1.0 SUMMARIZE radiation protection principles to include definition of terms, types of
radiation, and the basic operation of a gas-filled detector.
ENABLING OBJECTIVES
1.1 DEFINE the following radiation detection terms:
a. Electron-ion pair
b. Specific ionization
C. Stopping power
1.2 EXPLAIN the relationship between stopping power and specific ionization.
1.3 DESCRIBE the following types of radiation to include the definition and interactions
with matter.
a. Alpha @)
b. Beta (3)
C. Gammay)
d. Neutron (n)
1.4 DESCRIBE the principles of operation of a gas-filled detector to include:
a. How the electric field affects ion pairs
b. How gas amplification occurs
15 Given a diagram of an ion pairs collected -vs- detector voltage cDiZ8CRIBE the
regions of the curve to include:
a. The name of the region
b. Interactions taking place within the gas of the detector
C. Difference between the alpha and beta curves, where applicable
IC-06 Page viii Rev. 0
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TERMINAL OBJECTIVE

2.0 SUMMARIZE the principles of operation of various types of radiation detectors.
ENABLING OBJECTIVES
2.1 DESCRIBE the operation of a proportional counter to include:
a. Radiation detection
b. Quenching
C. Voltage variations
2.2  Given a block diagram of a proportional counter circ@TATE the purpose of the
following major blocks:
a. Proportional counter
b Preamplifier/amplifier
C. Single channel analyzer/discriminator
d. Scaler
e Timer
2.3 DESCRIBE the operation of an ionization chamber to include:
a. Radiation detection
b. Voltage variations
C. Gamma sensitivity reduction
2.4 DESCRIBE how a compensated ion chamber compensates for gamma radiation.
2.5 DESCRIBE the operation of an electroscope ionization chamber.
2.6 DESCRIBE the operation of a Geiger-Mdller (G-M) detector to include:
a. Radiation detection
b. Quenching
C. Positive ion sheath
2.7 DESCRIBE the operation of a scintillation counter to include:
a. Radiation detection
b. Three classes of phosphors
C. Photomultiplier tube operation
Rev. 0 Page ix IC-06
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ENABLING OBJECTIVES (Cont.)
2.8 DESCRIBE the operation of a gamma spectrometer to include:
a. Type of detector used
b. Multichannel analyzer operation
2.9 DESCRIBE how the following detect neutrons:
a. Self-powered neutron detector
b. Wide range fission chamber
C. Flux wire
2.10 DESCRIBE how a photographic film is used to measure the following:
a. Total radiation dose
b. Neutron dose
IC-06 Page x Rev. 0
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TERMINAL OBJECTIVE

3.0 SUMMARIZE the operation of typical source, intermediate, and power range nuclear
instruments.
ENABLING OBJECTIVES
3.1 DEFINE the following terms:
a. Signal-to-noise ratio
b. Discriminator
C. Analog
d. Logarithm
e. Period
f. Decades per minute (DPM)
g. Scalar
3.2 LIST the type of detector used in each of the following nuclear instruments:
a. Source range
b. Intermediate range
C. Power range
3.3  Given a block diagram of a typical source range instrun®MTE the purpose of major
components.
a. Linear amplifier
b Discriminator
C. Pulse integrator
d. Log count rate amplifier
e Differentiator
3.4  Given a block diagram of a typical intermediate range instrun&MTE the purpose
of major components.
a. Log n amplifier
b. Differentiator
C. Reactor protection interface
3.5 STATE the reason gamma compensation is NOT required in the power range.
3.6  Given a block diagram of a typical power range instrum8mTE the purpose of major
components.
a. Linear amplifier
b. Reactor protection interface
Rev. 0 Page xi IC-06
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Radiation Detectors RADIATION DETECTION TERMINOLOGY

RADIATION DETECTION TERMINOLOGY

Understanding how radiation detection occurs requires a working knowledge of
basic terminology.

EOC 1.1 DEFINE the following radiation detection terms:
a. Electron-ion pair
b. Specific ionization
C. Stopping power
EO 1.2 EXPLAIN the relationship between stopping power and

specific ionization.

Electron-lon Pair

lonization is the process of removing one or more electrons from a neutral atom. This result:
in the loss of units of negative charge by the affected atom. The atom becomes electricall
positive (a positive ion). The products of a single ionizing event are called an electron-ion pair.

Specific lonization

Specific ionization is that number of ion pairs produced per centimeter of travel through matter.
Equation 6-1 expresses this relationship.

ion pairs produced (6-1)

Specific lonizatior:
path length

Specific ionization is dependent on the mass, charge, energy of the particle, and the electrc
density of matter. The greater the mass of a particle, the more interactions it produces in a give
distance. A larger number of interactions results in the production of more ion pairs and &
higher specific ionization.

A particle’s charge has the greatest effect on specific ionization. A higher charge increases th
number of interactions which occur in a given distance. Increasing the number of interaction:
produces more ion pairs, therefore increasing the specific ionization.

As the energy of a particle decreases, it produces more ion pairs for the same amount of distan
traveled. Think of the particle as a magnet. As a magnet is passed over a pile of paper clips
the magnet attracts the clips. Maintain the same distance from the pile and vary the speed of tt
magnet. Notice that the slower the magnet is passed over the pile of paper clips, the more
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clips become attached to the magnet. The same is true of a particle passing by a group of atoms
at a given distance. The slower a particle travels, the more atoms it affects.

Stopping Power

Stopping power or linear energy transfer (LET) is the energy lost per unit path length. Equation
6-2 expresses this relationship.

AE

S=LET = —— (6-2)
AX
where
S = stopping power
LET = linear energy transfer
AE = energy lost

AX = path length of travel

Specific ionization times the energy per ion pair yields the stopping power (LET), as shown in
Equation 6-3.

_ Oion pairs [ energy
= D -
path lengthTjon pairs

O

0

- (6-3)
energy

path length

Stopping power, or LET, is proportional to the specific ionization.
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Summary

Stopping power is proportional to specific ionization. Radiation detection terms discussed in this
chapter are summarized below.

Radiation Detection Terms Summary

. An electron-ion pair is the product of a single ionizing
event.
. Specific ionization is that number of ion pairs produced

per centimeter of travel through matter.

. Stopping power is the energy lost per unit path length.

Rev. O Page 3 IC-06
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RADIATION TYPES

The four types of radiation discussed in this chapter are alpha, beta, gamma, and

neutron.

EO 1.3 DESCRIBE the following types of radiation to include
the definition and interactions with matter.
a. Alpha (a)

b. Beta (3)
C. Gamma ()
d. Neutron (n)

Alpha Particle

The alpha particle is a helium nucleus produced from the radioactive decay of heavy metals and
some nuclear reactions. Alpha decay often occurs among nuclei that have a favorable
neutron/proton ratio, but contain too many nucleons for stability. The alpha particle is a massive
particle consisting of an assembly of two protons and two neutrons and a resultant charge of +2.

Alpha particles are the least penetrating radiation. The major energy loss for alpha particles is
due to electrical excitation and ionization. As an alpha particle passes through air or soft tissue,
it loses, on the average, 35 eV per ion pair created. Due to its highly charged state, large mass,
and low velocity, the specific ionization of an alpha particle is very high.

Figure 1 illustrates the specific ionization of an alpha particle, on the order of tens of thousands

of ion pairs per centimeter in air. An alpha particle travels a relatively straight path over a short
distance.

IC-06 Page 4 Rev. O



Radiation Detectors RADIATION TYPES

80,000

3

60,000

ion pair
cm

40,000

Specific lonizatian (

20,000

Distance traveled in air (cm)

Figure 1 Alpha Particle Specific lonization -vs- Distance Traveled in Air

Beta Particle

The beta particle is an ordinary electron or positron ejected from the nucleus of a beta-unstabl
radioactive atom. The beta has a single negative or positive electrical charge and a very sme
mass.

The interaction of a beta particle and an orbital electron leads to electrical excitation anc
ionization of the orbital electron. These interactions cause the beta particle to lose energy i
overcoming the electrical forces of the orbital electron. The electrical forces act over long
distances; therefore, the two particles do not have to come into direct contact for ionization tc
occur.

The amount of energy lost by the beta particle depends upon both its distance of approach to tf
electron and its kinetic energy. Beta particles and orbital electrons have the same mas
therefore, they are easily deflected by collision. Because of this fact, the beta particle follows
a tortuous path as it passes through absorbing material. The specific ionization of a beta partic
is low due to its small mass, small charge, and relatively high speed of travel.
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Gamma Ray

The gamma ray is a photon of electromagnetic radiation with a very short wavelength and high
energy. It is emitted from an unstable atomic nucleus and has high penetrating power.

There are three methods of attenuating (reducipg
the energy level of) gamma-rays: photoelectrjc
effect, compton scattering, and pair production

Photon

The photoelectric effect occurs when a lo
energy gamma strikes an orbital electron, as
shown in Figure 2. The total energy of th
gamma is expended in ejecting the electron from
its orbit. The result is ionization of the atom an
expulsion of a high energy electron.

The photoelectric effect is most predominant with
low energy gammas and rarely occurs with
gammas having an energy above 1 MeV (million
electron volts). Figure 2 Photoelectric Effect

Compton scattering is an elastic collision between
Photon Photon an electron and a photon, as shown in Figure 3.
In this case, the photon has more energy than is
required to eject the electron from orbit, or it
cannot give up all of its energy in a collision with

a free electron. Since all of the energy from the
photon cannot be transferred, the photon must be
scattered; the scattered photon must have less
energy, or a longer wavelength. The result is
ionization of the atom, a high energy beta, and a
gamma at a lower energy level than the original.

Compton scattering is most predominant with
gammas at an energy level in the 1.0 to 2.0 MeV
Figure 3 Compton Scattering range.

IC-06 Page 6 Rev. O
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At higher energy levels, pair production is predominate. When a high energy gamma passe
close enough to a heavy nucleus, the gamma disappears, and its energy reappears in the form
an electron and a positron (same mass as an electron, but has a positive charge), as showr
Figure 4. This transformation of energy into mass must take place near a particle, such as
nucleus, to conserve momentum. The kinetic energy of the recoiling nucleus is very small.
therefore, all of the photon’s energy that is in excess of that needed to supply the mass of th
pair appears as kinetic energy of the pair. For this reaction to take place, the original gamm
must have at least 1.02 MeV energy.

>1.02 Mev

Photon

Heavy

\ 0.517 Mev Photon
Nucleus

0.517 Mev Photon

Figure 4 Pair Production

The electron loses energy by ionization. The positron interacts with other electrons and lose
energy by ionizing them. If the energy of the positron is low enough, it will combine with an
electron (mutual annihilation occurs), and the energy is released as a gamma. The probabili
of pair production increases significantly for higher energy gammas.

Gamma radiation has a very high penetrating power. A small fraction of the original stream will
pass through several feet of concrete or several meters of air. The specific ionization of a gammn
is low compared to that of an alpha particle, but is higher than that of a beta particle.
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Neutron

Neutrons have no electrical charge and have nearly the same mass as a proton (a hydrogen atom
nucleus). A neutron is hundreds of times larger than an electron, but one quarter the size of an
alpha particle. The source of neutrons is primarily nuclear reactions, such as fission, but they
are also produced from the decay of radioactive elements. Because of its size and lack of charge,
the neutron is fairly difficult to stop, and has a relatively high penetrating power.

Neutrons may collide with nuclei causing one of the following reactions: inelastic scattering,
elastic scattering, radiative capture, or fission.

Inelastic scattering causes some of the neutron’s kinetic energy to be transferred to the target
nucleus in the form of kinetic energy and some internal energy. This transfer of energy slows
the neutron, but leaves the nucleus in an excited state. The excitation energy is emitted as a
gamma ray photon. The interaction between the neutron and the nucleus is best described by the
compound nucleus mode; the neutron is captured, then re-emitted from the nucleus along with
a gamma ray photon. This re-emission is considered the threshold phenomenon. The neutron
threshold energy varies from infinity for hydrogen, (inelastic scatter cannot occur) to about 6
MeV for oxygen, to less than 1 MeV for uranium.

Elastic scattering is the most likely interaction between fast neutrons and low atomic mass
number absorbers. The interaction is sometimes referred to as the "billiard ball effect.” The
neutron shares its kinetic energy with the target nucleus without exciting the nucleus.

Radiative capture (rny) takes place when a neutron is absorbed to produce an excited nucleus.
The excited nucleus regains stability by emitting a gamma ray.

The fission process for uranium f8or U*%) is a nuclear reaction whereby a neutron is absorbed

by the uranium nucleus to form the intermediate (compound) uranium nucléli®(W=9. The
compound nucleus fissions into two nuclei (fission fragments) with the simultaneous emission
of one to several neutrons. The fission fragments produced have a combined kinetic energy of
about 168 MeV for B* and 200 MeV for B* which is dissipated, causing ionization. The
fission reaction can occur with either fast or thermal neutrons.

The distance that a fast neutron will travel, between its introduction into the slowing-down
medium (moderator) and thermalization, is dependent on the number of collisions and the
distance between collisions. Though the actual path of the neutron slowing down is tortuous
because of collisions, the average straight-line distance can be determined; this distance is called
the fast diffusion length or slowing-down length. The distance traveled, once thermalized, until
the neutron is absorbed, is called the thermal diffusion length.
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Fast neutrons rapidly degrade in energy by elastic collisions when they interact with low atomic
number materials. As neutrons reach thermal energy, or near thermal energies, the likelihood «
capture increases. In present day reactor facilities the thermalized neutron continues to scatt
elastically with the moderator until it is absorbed by fuel or non-fuel material, or until it leaks
from the core.

Secondary ionization caused by the capture of neutrons is important in the detection of neutron
Neutrons will interact with B-10 to produce Li-7 and He-4.

10 1 7+++ 4 ++ -
B+ n-> Li + He + be
5 0 3 2

The lithium and alpha particles share the energy and produce "secondary ionizations" which ar
easily detectable.
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Summary

Alpha, beta, gamma, and neutron radiation are summarized below.

Alpha particles

Beta particles

Gamma rays

Neutrons

Radiation Types Summary

The alpha particle is a helium nucleus produced from the radioactive decay| of
heavy metals and some nuclear reactions.
The high positive charge of an alpha particle causes electrical excitation gnd
ionization of surrounding atoms.

The beta particle is an ordinary electron or positron ejected from the nucleug| of
a beta-unstable radioactive atom.
The interaction of a beta particle and an orbital electron leads to electrigal
excitation and ionization of the orbital electron.

The gamma ray is a photon of electromagnetic radiation with a very short
wavelength and high energy.
The three methods of attenuating gamma-rays are: photoelectric effect, compton
scattering, and pair production.

Neutrons have no electrical charge and have nearly the same mass as a pfjoton
(a hydrogen atom nucleus).
Neutrons collide with nuclei, causing one of the following reactions: inelastic
scattering, elastic scattering, radiative capture, or fission.

IC-06
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GAS-FILLED DETECTOR

A gas-filled detector is used to detect incident radiation.

EO 14 DESCRIBE the principles of operation of a gas-filled
detector to include:
a. How the electric field affects ion pairs
b. How gas amplification occurs

The pulsed operation of the gas-filled detector illustrates the principles of basic radiation
detection. Gases are used in radiation detectors since their ionized particles can travel mo
freely than those of a liquid or a solid. Typical gases used in detectors are argon and heliun
although boron-triflouride is utilized when the detector is to be used to measure neutrons. Figur
5 shows a schematic diagram of a gas-filled chamber with a central electrode.

Chamber Walls
(Cathode)
Chqrged Particle
Insulator
(Jg Cemtro\ Electrode
é? (Anode)
%% j JC
/[ R
| - 4+
\ ‘ -
i &
Variable
High Voltage

Figure 5 Schematic Diagram of a Gas-Filled Detector

The central electrode, or anode, collects negative charges. The anode is insulated from ti
chamber walls and the cathode, which collects positive charges. A voltage is applied to the
anode and the chamber walls. The resistor in the circuit is shunted by a capacitor in parallel, s
that the anode is at a positive voltage with respect to the detector wall. As a charged particl
passes through the gas-filled chamber, it ionizes some of the gas (air) along its path of trave
The positive anode attracts the electrons, or negative particles. The detector wall, or cathod
attracts the positive charges. The collection of these charges reduces the voltage across
capacitor, causing a pulse across the resistor that is recorded by an electronic circuit. The volta
applied to the anode and cathode determines the electric field and its strength.
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As detector voltage is increased, the electric field has more influence upon electrons produced.
Sufficient voltage causes a cascade effect that releases more electrons from the cathode. Forces
on the electron are greater, and its mean-free path between collisions is reduced at this threshold.
Calculating the change in the capacitor’s charge yields the height of the resulting pulse. Initial
capacitor charge (Q), with an applied voltage (V), and capacitance (C), is given by Equation 6-4.

Q-cCv (6-4)

A change of charge/Q) is proportional to the change in voltag&\) and equals the height of
the pulse, as given by Equation 6-5 or 6-6.

AQ - CAV (6-5)
_ AQ i
AV - =2 (6-6)

The total number of electrons collected by the anode determines the change in the charge of the
capacitor Q). The change in charge is directly related to the total ionizing events which occur

in the gas. The ion pairs (n) initially formed by the incident radiation attain a great enough
velocity to cause secondary ionization of other atoms or molecules in the gas. The resultant
electrons cause further ionizations. This multiplication of electrons is termed gas amplification.
The gas amplification factor (A) designates the increase in ion pairs when the initial ion pairs
create additional ion pairs. Therefore, the height of the pulse is given by Equation 6-7.

(6-7)

where

AV = pulse height (volts)

A = gas amplification factor

initial ionizing events

charge of the electron (1.602 x*£Goulombs)
= detector capacitance (farads)

n
e
C
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The pulse height can be computed if the capacitance, detector characteristics, and radiation &
known. The capacitance is normally about*farads. The number of ionizing events may be
calculated if the detector size and specific ionization, or range of the charged particle, are knowr
The only variable is the gas amplification factor that is dependent on applied voltage.

Summary

The operation of gas-filled detectors is summarized below.

Gas-Filled Detectors Summary

. The central electrode, or anode, attracts and collects the electron of fhe
ion-pair.

. The chamber walls attract and collect the positive ion.

. When the applied voltage is high enough, the ion pairs initially forme

accelerate to a high enough velocity to cause secondary ionizations. The
resultant ions cause further ionizations. This multiplication of electrons
is called gas amplification.
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DETECTOR VOLTAGE

Different ranges of applied voltage result in unique detection characteristics.

EO 1.5 Given a diagram of an ion pairs collected -vs- detector
voltage curve, DESCRIBE the regions of the curve to
include:

a. The name of the region

b. Interactions taking place within the gas of
the detector

C. Difference between the alpha and beta
curves, where applicable

Applied Voltage

The relationship between the applied voltage and pulse height in a detector is very complex.
Pulse height and the number of ion pairs collected are directly related. Figure 6 illustrates ion
pairs collected -vs- applied voltage. Two curves are shown: one curve for alpha particles and
one curve for beta particles; each curve is divided into several voltage regions. The alpha curve
is higher than the beta curve from Region | to part of Region IV due to the larger number of ion
pairs produced by the initial reaction of the incident radiation. An alpha particle will create more

ion pairs than a beta since the alpha has a much greater mass. The difference in mass is negated
once the detector voltage is increased to Region IV since the detector completely discharges with
each initiating event.
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Figure 6 lon Pairs Collected -vs- Applied Voltage

Recombination Reqgion

In the recombination region (Region I), as voltage increases jtothé pulse height
increases until it reaches a saturation value. AttNe field strength between the cathode
and anode is sufficient for collection of all ions produced within the detector. At voltages
less than YV, ions move slowly toward the electrodes, and the ions tend to recombine to
form neutral atoms or molecules. In this case, the pulse height is less than it would have
been if all the ions originally formed reached the electrodes. Gas ionization instruments
are, therefore, not operated in this region of response.
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lonization Reqgion

As voltage is increased in the ionization region (Region II), there is no appreciable
increase in the pulse height. The field strength is more than adequate to ensure collection
of all ions produced; however, it is insufficient to cause any increase in ion pairs due to
gas amplification. This region is called the ionization chamber region.

Proportional Reqgion

As voltage increases to the proportional region (Region l1ll), the pulse height increases
smoothly. The voltage is sufficient to produce a large potential gradient near the anode,
and it imparts a very high velocity to the electrons produced through ionization of the gas
by charged radiation particles. The velocity of these electrons is sufficient to cause
ionization of other atoms or molecules in the gas. This multiplication of electrons is
called gas amplification and is referred to as Townsend avalanche. The gas amplification
factor (A) varies from 18to 10°. This region is called the proportional region since the
gas amplification factor (A) is proportional to applied voltage.

Limited Proportional Reqgion

In the limited proportional region (Region V), as voltage increases, additional processes
occur leading to increased ionization. The strong field causes increased electron velocity,
which results in excited states of higher energies capable of releasing more electrons from
the cathode. These events cause the Townsend avalanche to spread along the anode. The
positive ions remain near where they were originated and reduce the electric field to a
point where further avalanches are impossible. For this reason, Region IV is called the
limited proportional region, and it is not used for detector operation.

Geiger-Miller Region

The pulse height in the Geiger-Miiller region (Region V) is independent of the type of
radiation causing the initial ionizations. The pulse height obtained is on the order of
several volts. The field strength is so great that the discharge, once ignited, continues to
spread until amplification cannot occur, due to a dense positive ion sheath surrounding
the central wire (anode). Ms termed the threshold voltage. This is where the number
of ion pairs level off and remain relatively independent of the applied voltage. This
leveling off is called the Geiger plateau which extends over a region of 200 to 300 volts.
The threshold is normally about 1000 volts. In the G-M region, the gas amplification
factor (A) depends on the specific ionization of the radiation to be detected.
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Continuous Discharge Region

In the continuous discharge region (Region VI), a steady discharge current flows. The
applied voltage is so high that, once ionization takes place in the gas, there is ¢
continuous discharge of electricity, so that the detector cannot be used for radiatior
detection.

Radiation detectors are normally designed to respond to a certain type of radiation. Since th
detector response can be sensitive to both energy and intensity of the radiation, each type

detector has defined operating limits based on the characteristics of the radiation to be measure
A large variety of detectors are in use in DOE facilities to detect alpha and beta particles, gamm
rays, or neutrons. Some types of detectors are capable of distinguishing between the types

radiation; others are not. Some detectors only count the number of particles that enter th
detector, while others are used to determine both the number and energy of the incident particle
Most detectors used in DOE facilities have one thing in common: they respond only to electron:
produced in the detector. In order to detect the different types of incident particles, the particle’s
energy must be converted to electrons in the detector.

Gas-filled detectors are used, for the most part, to measure alpha and beta particles, neutrons,
gamma rays. The detectors operate in the ionization, proportional, and G-M regions with ar
arrangement most sensitive to the type of radiation being measured. Neutron detectors utiliz
ionization chambers or proportional counters of appropriate design. Compensated ion chambel
BF; counters, fission counters, and proton recoil counters are examples of neutron detectors.
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Summary

The alpha curve is higher than the beta curve from Region | to part of Region IV due to the
larger number of ion pairs produced by the initial reaction of the incident radiation. Detector
voltage principles are summarized below.

Gas Amplification Region Summary

Recombination Region

. The voltage is such a low value that recombination takes place before most of the
negative ions are collected by the electrode.

lonization Region

. The voltage is sufficient to ensure all ion pairs produced by the incident radiation gre
collected.
. No gas amplification takes place.

Proportional Region

. The voltage is sufficient to ensure all ion pairs produced by the incident radiation dre
collected.
. Amount of gas amplification is proportional to the applied voltage.

Limited Proportional Region

. As voltage increases, additional processes occur leading to increased ionizations.

. Since positive ions remain near their point of origin, further avalanches are impossifle.

Geiger-Muller Region

. The ion pair production is independent of the radiation, causing the initial ionization|

. The field strength is so great that the discharge continues to spread until amplificatjon
cannot occur, due to a dense positive ion sheath surrounding the central wire.

Continuous Discharge Region

. The applied voltage is so high that, once ionization takes place, there is a continupus

discharge of electricity.
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PROPORTIONAL COUNTER

PROPORTIONAL COUNTER

A proportional counter is a detector that operates in the proportional region.

EO 2.1 DESCRIBE the operation of a proportional counter to

include:

a. Radiation detection

b. Quenching

C. Voltage variations

A proportional counter is a

detector which operates in the

proportional region, as shown in
Figure 6. Figure 7 illustrates a
simplified proportional counter
circuit.

To be able to detect a singlq
particle, the number of ions

produced must be increased. AS

voltage is increased into thg
proportional region, the primary

ions acquire enough energy to

cause secondary ionizations (gg
amplification) and increase thg

[\ /L

charge collected. These secondaky

ionizations may cause further
ionization.

In this region, there is a linear relationship between the number of ion pairs collected and appliel

Figure 7 Proportional Counter

voltage. A charge amplification of 1@an be obtained in the proportional region. By proper

functional arrangements, modifications, and biasing, the proportional counter can be used t

detect alpha, beta, gamma, or neutron radiation in mixed radiation fields.

To a limited degree, the fill-gas will determine what type of radiation the proportional counter
will be able to detect. Argon and helium are the most frequently used fill gases and allow for
the detection of alpha, beta, and gamma radiation. When detection of neutrons is necessary, t

detectors are usually filled with boron-triflouride gas.

The simplified circuit, illustrated in Figure 7, shows that the detector wall acts as one electrode
while the other electrode is a fine wire in the center of the chamber with a positive voltage

applied.
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Figure 8 illustrates how the number of electrons collected varies with the applied voltage.

Number Of 107
Electrons [
Collected
106 |-
109 —
lonization Region Proportional
‘L Region
04—
\ Recombination Region
\ \ \
0 500 1000 1500
Voltage

Figure 8 Gas lonization Curve

When a single gamma ray interacts with the gas in the chamber, it produces a rapidly moving
electron which produces secondary electrons. About 10,000 electrons may be formed depending
on the gas used in the chamber. The applied voltage can be increased until the amount of
recombination is very low. However, further increases do not appreciably increase the number
of electrons collected. This region in which all 10,000 electrons are collected is the ionization
region.

As applied voltage is increased above 1000 V, the number of electrons becomes greater than the
initial 10,000. The additional electrons which are collected are due to gas amplification. As
voltage is increased, the velocity of the 10,000 electrons produced increases. However, beyond
a certain voltage, the 10,000 electrons are accelerated to such speeds that they have enough
energy to cause more ionization. This phenomenon is called gas amplification.

IC-06 Page 20 Rev. 0



Radiation Detectors PROPORTIONAL COUNTER

As an example, if the 10,000 electrons produced by the gamma ray are increased to 40,000 |
gas amplification, the amplification factor would be 4. Gas amplification factors can range from
unity in the ionization region to £0or 1¢' in the proportional region. The high amplification
factor of the proportional counter is the major advantage over the ionization chamber. The
internal amplification of the proportional counter is such that low energy particles (< 10 KeV)
can be registered, whereas the ion chamber is limited by amplifier noise to particles of > 10 Ke\
energy.

Proportional counters are extremely sensitive, and the voltages are large enough so that all of tl
electrons are collected within a few tenths of a microsecond. Each pulse corresponds to or
gamma ray or neutron interaction. The amount of charge in each pulse is proportional to th
number of original electrons produced. The proportionality factor in this case is the gas
amplification factor. The number of electrons produced is proportional to the energy of the
incident particle.

For each electron collected in the chamber, there is a positively charged gas ion left over. Thes
gas ions are heavy compared to an electron and move much more slowly. Eventually the positiv
ions move away from the positively charged central wire to the negatively charged wall and are
neutralized by gaining an electron. In the process, some energy is given off, which cause
additional ionization of the gas atoms. The electrons produced by this ionization move towarc
the central wire and are multiplied en route. This pulse of charge is unrelated to the radiatior
to be detected and can set off a series of pulses. These pulses must be eliminated or "quenche

One method for quenching these discharges is to add a small arrol@¥{) of an organic gas,

such as methane, in the chamber. The quenching gas molecules have a weaker affinity fa
electrons than the chamber gas does; therefore, the ionized atoms of the chamber gas readily t
electrons from the quenching gas molecules. Thus, the ionized molecules of quenching gas rea
the chamber wall instead of the chamber gas. The ionized molecules of the quenching gas a
neutralized by gaining an electron, and the energy liberated does not cause further ionization, b
causes dissociation of the molecule. This dissociation quenches multiple discharges. Th
guenching gas molecules are eventually consumed, thus limiting the lifetime of the proportiona
counter. There are, however, some proportional counters that have an indefinite lifetime becau:
the quenching gas is constantly replenished. These counters are referred to as gas flow counte
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Summary

Proportional counters are summarized below.

Proportional Counters Summary

. When radiation enters a proportional counter, the detector gas, at the poinf of
incident radiation, becomes ionized.

. The detector voltage is set so that the electrons cause secondary ionizations as
they accelerate toward the electrode.

. The electrons produced from the secondary ionizations cause additighal
ionizations.

. This multiplication of electrons is called gas amplification.

. Varying the detector voltage within the proportional region increases or decregses

the gas amplification factor.

. A quenching gas is added to give up electrons to the chamber gas so fhat
inaccuracies are NOT introduced due to ionizations caused by the positive ipn.
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PROPORTIONAL COUNTER CIRCUITRY

Proportional counters measure different types of radiation.

EO 2.2 Given a block diagram of a proportional counter circuit,
STATE the purpose of the following major blocks:
a. Proportional counter
b Preamplifier/amplifier
C. Single channel analyzer/discriminator
d. Scaler
e Timer

Proportional counters measure the charge produced by each particle of radiation. To make fu
use of the counter’s capabilities, it is necessary to measure the number of pulses and the char
in each pulse. Figure 9 shows a typical circuit used to make such measurements.

Signal / J\ //\ I|=
Charge Voltage Bigger Voltage Logic
Pulse Pulse Pulse Pulse
' %’D—’D—’ Scaler
— Preamplifier Amplifier Single ‘T
Proportional Channel :
Counter An@\yzer Timer
.

Figure 9 Proportional Counter Circuit
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The capacitor converts the charge pulse to a voltage pulse. The voltage is equal to the amount
of charge divided by the capacitance of the capacitor, as given in Equation 6-8.

V - (6-8)

olo

where

V = voltage pulse (volts)
Q = charge (coulombs)
C = capacitance (farads)

The preamplifier amplifies the voltage pulse. Further amplification is obtained by sending the
signal through an amplifier circuit (typically about 10 volts maximum). The pulse size is then
determined by a single channel analyzer. Figure 10 shows the operation of a single channel
analyzer.

SCA "window” = 0.2v

SCA 3 AR . /

Input
20— -

SCA "level” = 2.0v

f—»

Figure 10 Single Channel Analyzer Operation

The single channel analyzer has two dial settings: a LEVEL dial and a WINDOW dial. For
example, when the level is set at 2 volts, and the window at 0.2 volts, the analyzer will give an
output pulse only when the input pulse is between 2 and 2.2 volts. The output pulse is usually
a standardized height and width logic pulse, as shown in Figure 11.
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SCA
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Figure 11 Single Channel Analyzer Output

Since the single channel analyzer can be set so that an output is only produced by a certain pul
size, it provides for the counting of one specific radiation in a mixed radiation field.

This output is fed to a scaler which counts the number of pulses it receives. A timer gates the
scaler so that the scaler counts the pulses for a predetermined length of time. Knowing th
number of counts per a given time interval allows calculation of the count rate (number of counts
per unit time).

Proportional counters can also count neutrons by introducing boron into the chamber. The mo:
common means of introducing boron is by combining it with tri-fluoride gas to form Boron
Tri-Fluoride (BF). When a neutron interacts with a boron atom, an alpha particle is emitted.
The BF, counter can be made sensitive to neutrons and not to gamma rays.

Gamma rays can be eliminated because the neutron-induced alpha particles produce mc
ionizations than gamma rays produce. This is due mainly to the fact that gamma ray-induce
electrons have a much longer range than the dimensions of the chamber; the alpha particle enel
is, in most cases, greater than gamma rays produced in a reactor. Therefore, neutron pulses
much larger than gamma ray-produced pulses.
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By using a discriminator,the scalef
can be set to read only the largg
pulses produced by the neutron. A
discriminator is basically a single 20
channel analyzer with only ong” i

setting. Figure 12 illustrates thg

operation of a discriminator.

=

If the discriminator is set at 2
volts, then any input pulse 2
volts causes an output pulse. 6.0v - ——————————————— -

Discriminator
Output

Figure 13 shows a typical circuit
used to measure neutrons with p
BF; proportional counter.

t—

Figure 12 Discriminator

‘ } < ‘ Scaler
Preamplifier Amplifier Discriminator ‘T
Timer
E

Figure 13 BFE Proportional Counter Circuit

ﬁ’,
B FB
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The BF, proportional counter is used to monitor low power levels in a nuclear reactor. Itis used
in the "startup” or "source range" channels. Proportional counters cannot be used at high pow:
levels because they are pulse-type detectors. Typically, it takes 10 to 20 microseconds for eax
pulse to go from 10% of its peak, to its peak, and back to 10%. If another neutron interacts ir
the chamber during this time, the two pulses are superimposed. The voltage output would neve
drop to zero between the two pulses, and the chamber would draw a steady current as electro
are being produced.

Summary

Proportional counter circuitry is summarized below.

Proportional Counter Circuitry Summary

. The proportional counter measures the charge produced by each particlg of
radiation.

. The preamplifier/amplifier amplifies the voltage pulse to a usable size.

. The single channel analyzer/discriminator produces an output only when the input

is a certain pulse size.

. The scaler counts the number of pulses received during a predetermined length
of time.
. The timer provides the gating signal to the scaler.
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IONIZATION CHAMBER

The ionization chamber is a detector that operates in the ionization region.

EO 2.3 DESCRIBE the operation of an ionization chamber to
include:
a. Radiation detection
b. Voltage variations
C. Gamma sensitivity reduction

lonization chambers are electrical devices that detect radiation when the voltage is adjusted so
that the conditions correspond to the ionization region (refer to Region Il of Figure 6). The
charge obtained is the result of collecting the ions produced by radiation. This charge will
depend on the type of radiation being detected. lonization chambers have two distinct
disadvantages when compared to proportional counters: they are less sensitive, and they have a
slower response time.

There are two types of ionization chambers to be discussed: the pulse counting ionization
chamber and the integrating ionization chamber. In the pulse counting ionization chamber, the
pulses are detected due to particles traversing the chamber. In the integrating chamber, the pulses
add, and the integrated total of the ionizations produced in a predetermined period of time is
measured. The same type of ionization chamber may be used for either function. However, as
a general rule, the integrating type ionization chamber is used.

Flat plates or concentric cylinders may be utilized in the construction of an ionization chamber.
The flat plate design is preferred because it has a well-defined active volume and ensures that
ions will not collect on the insulators and cause a distortion of the electric field. The concentric
cylinder design does not have a well-defined active volume because of the variation in the
electric field as the insulator is approached. lonization chamber construction differs from the
proportional counter (flat plates or concentric cylinders vice a cylinder and central electrode) to
allow for the integration of pulses produced by the incident radiation. The proportional counter
would require such exact control of the electric field between the electrodes that it would not be
practical.
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Figure 14 illustrates a simple ionization circuit consisting of two parallel plates of metal with an
air space between them. The plates are connected to a battery which is connected in series w
a highly sensitive ammeter.

Extreme\y sensitive

A Emitter / ammeter (Electrometer)

Figure 14 Simple lonization Circuit

If a radioactive source that is an emitter of beta particles is placed near the detector, the bes
particles will pass between the plates and strike atoms in the air. With sufficient energy, the bet
particle causes an electron to be ejected from an atom in air. A single beta particle may ejec
40 to 50 electrons for each centimeter of path length traveled. The electrons ejected by the be
particle often have enough energy to eject more electrons from other atoms in air. The tota
number of electrons produced is dependent on the energy of the beta particle and the gas betwe
the plates of the ionization chamber.

In general, a 1 MeV beta particle will eject approximately 50 electrons per centimeter of travel,
while a 0.05 MeV beta particle will eject approximately 300 electrons. The lower energy beta
ejects more electrons because it has more collisions. Each electron produced by the beta partic
while traveling through air, will produce thousands of electrons. A current of 1 micro-ampere
consists of about #0electrons per second.

If 1 volt is applied to the plates of the ionization chamber shown in Figure 14, some of the free
electrons will be attracted to the positive plate of the detector. This attraction is not strong
because 1 volt does not create a strong electric field between the two plates. The free electro
will tend to drift toward the positive plate, causing a current to flow, which is indicated on the
ammeter. Not all of the free electrons will make it to the positive plate because the positively
charged atoms that resulted when an electron was ejected may recapture other free electro
Therefore, the ammeter will register only a fraction of the number of free electrons between the
plates.
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When the voltage is increased, the free electrons are more strongly attracted to the positive plate.
They will move toward the positive plate more quickly and will have less opportunity to
recombine with the positive ions. Figure 15 shows a plot of the number of electrons measured
by the ammeter as a function of applied voltage.

lonization

Region
20,000 F————— — —— — — — — —

All electrons produced

Number of are detected in the

%\etctntmj Region of flat portion
etecte Recombination
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Figure 15